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Acetylation of the SUN protein Mps3 by Eco1 
regulates its function in nuclear organization
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ABSTRACT  The Saccharomyces cerevisiae SUN-domain protein Mps3 is required for duplica-
tion of the yeast centrosome-equivalent organelle, the spindle pole body (SPB), and it is in-
volved in multiple aspects of nuclear organization, including telomere tethering and gene 
silencing at the nuclear membrane, establishment of sister chromatid cohesion, and repair of 
certain types of persistent DNA double-stranded breaks. How these diverse SUN protein 
functions are regulated is unknown. Here we show that the Mps3 N-terminus is a substrate 
for the acetyltransferase Eco1/Ctf7 in vitro and in vivo and map the sites of acetylation to 
three lysine residues adjacent to the Mps3 transmembrane domain. Mutation of these resi-
dues shows that acetylation is not essential for growth, SPB duplication, or distribution in the 
nuclear membrane. However, analysis of nonacetylatable mps3 mutants shows that this mod-
ification is required for accurate sister chromatid cohesion and for chromosome recruitment 
to the nuclear membrane. Acetylation of Mps3 by Eco1 is one of the few regulatory mecha-
nisms known to control nuclear organization.

INTRODUCTION
Accurate transmission of genetic and epigenetic information re-
quires the nonrandom positioning of chromosomes within the nu-
cleus. Binding of chromosomes to inner nuclear membrane (INM) 
proteins is one mechanism to localize specific regions of the ge-
nome to the nuclear periphery. Tethering of chromosomes at the 
nuclear membrane serves a variety of functions, including the regu-
lation of transcription, control of recombination, and repair of dou-
ble-stranded DNA breaks (DSBs; reviewed in Mekhail and Moazed, 
2010; Taddei et al., 2010). The evolutionarily conserved SUN-do-
main family of INM proteins is involved in multiple aspects of nuclear 
organization during vegetative growth and meiotic prophase 

(reviewed in Fridkin et al., 2009; Razafsky and Hodzic, 2009; Starr 
and Fridolfsson, 2010).

During meiosis, SUN proteins are required for the formation of a 
specialized chromosome arrangement known as the meiotic bou-
quet that facilitates homologue pairing and meiotic recombination 
(Hiraoka and Dernburg, 2009). SUN proteins also function in cluster-
ing of telomeres or centromeres at the nuclear envelope in mitotic 
cells and play a role in recruitment of certain types of DNA lesions 
to the nuclear periphery for repair after damage (Graf et al., 2004; 
Bupp et al., 2007; King et al., 2008; Kalocsay et al., 2009; Oza et al., 
2009; Schober et al., 2009). In many organisms, SUN proteins are 
involved in attachment of the centrosome or spindle pole body 
(SPB) to the nuclear envelope (Malone et al., 2003; Jaspersen et al., 
2006; Xiong et al., 2008; Zhang et al., 2009). Disruption of this inter-
action results in aberrant spindle formation and chromosome segre-
gation defects, indicating that SUN proteins play a direct role in the 
maintenance of genomic stability.

The role of SUN proteins in nuclear organization has been exten-
sively characterized in Saccharomyces cerevisiae, which contains a 
single SUN protein, Mps3 (Jaspersen et al., 2006). Mps3 is a struc-
tural component of the budding yeast SPB and is essential for SPB 
duplication once per cell cycle (Jaspersen et al., 2002; Nishikawa 
et al., 2003). Mps3 also localizes to the peripheral nuclear envelope, 
where it plays a role in chromosome positioning during both vege-
tative growth and sporulation (Bupp et al., 2007; Conrad et al., 
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Intrigued by the possibility that Eco1 might regulate Mps3 func-
tion in nuclear organization, we further investigated the Mps3–Eco1 
interaction. We found that Mps3 is an Eco1 substrate in vitro and in 
vivo. Analysis of an mps3 mutant that lacks the Eco1 acetylation 
sites revealed that acetylation is not essential for Mps3 function in 
SPB duplication, DNA damage repair, or Mps3 distribution in the 
nuclear membrane. However, the acetylation-site mutant shows de-
fects in sister chromatid cohesion, as well as decreased telomere 
tethering and gene silencing at the nuclear periphery, indicating 
that Eco1 acetylation of Mps3 regulates its function in chromosome 
organization, possibly by affecting its ability to interact with certain 
telomere-associated proteins.

RESULTS
Mps3 is acetylated by Eco1 in vivo
One possible explanation for Mps3 binding to Eco1 in the two-hy-
brid system and its role in establishment of sister chromatid cohe-
sion is that Mps3 is a substrate of Eco1. To test whether Eco1 acety-
lates Mps3 in vivo, we tagged the endogenous copy of MPS3 at its 
C-terminus with three copies of the FLAG epitope in wild-type and 
eco1-1 mutants. The eco1-1 mutant contains a glycine–to–aspartic 
acid substitution at position 211 in the catalytic domain and displays 
virtually no acetyltransferase activity when assayed in vitro (Ivanov 
et al., 2002; Zhang et al., 2008; Lu et al., 2010). Yeast cells harboring 
this allele arrest growth at high temperatures due to a defect in the 
establishment of sister chromatid cohesion, presumably because 
proteins involved in cohesion such as Smc3 are not acetylated (Toth 
et al., 1999; Rolef Ben-Shahar et al., 2008; Unal et al., 2008; Zhang 
et al., 2008; Rowland et al., 2009).

Proteins were immunoprecipitated with anti-FLAG antibodies 
from untagged, eco1-1 MPS3-3xFLAG, and MPS3-3xFLAG strains 
and were analyzed by immunoblotting with α-FLAG and anti–pan-
acetyl lysine (α-Ack) antibodies to detect the presence of total 
Mps3-3xFLAG and acetylated Mps3-3xFLAG, respectively. Mps3-
3xFLAG was readily detected in all samples. However, a dramatic 
reduction in the acetylated Mps3 levels was observed in the eco1-1 
mutant at both the permissive and nonpermissive temperatures 
compared with wild-type cells using the α-Ack antibody (Figure 1A), 
demonstrating that Mps3 is acetylated in vivo and that a significant 
fraction of this acetylation requires the activity of Eco1. Acetylated 
proteins were also immunoprecipitated with α-Ack antibodies, and 
we found that Mps3-3xFLAG was present in these samples in wild-
type cells and in eco1-1 mutants grown at the permissive tempera-
ture (Figure 1A). It is important to note that the level of acetylated 
Mps3-3xFLAG present in eco1-1 mutants at 23°C was dramatically 
reduced compared with wild-type cells, suggesting that the eco1-1 
mutant is partially defective in acetylation even at the permissive 
temperature. This is consistent with previous reports showing that 
eco1-1 mutants display cohesion defects and lack acetyltransferase 
activity at 23°C (Toth et al., 1999; Ivanov et al., 2002; Zhang et al., 
2008).

The eco1-1 mutants exhibit a prolonged mitotic delay (Toth 
et al., 1999), so one explanation for the decrease in Mps3 acetyla-
tion in the mutant is that Mps3 is not acetylated in mitosis. To ex-
clude this possibility, we examined Mps3 acetylation during cell cy-
cle arrests using α-factor, hydroxyurea (HU), and nocodazole. 
Mps3-3xFLAG acetylation in cells arrested in G1 phase, S phase, or 
mitosis was equal to the asynchronous condition (Figure 1B), indi-
cating that the decreased acetylation we observed in eco1-1 mu-
tants is due to loss of acetyltransferase activity rather than a cell cycle 
arrest. Taken together, these data suggest that Mps3 is acetylated in 
vivo in an Eco1-dependent manner.

2007, 2008; Rao et al., 2011). During S phase of the mitotic cell cy-
cle, Mps3 links telomeric chromatin at the nuclear periphery through 
interactions with the silent information regulator Sir4 and possibly 
through Lrs4, a subunit of the nucleolar cohibin complex (Bupp 
et al., 2007; Chan et al., 2011). Telomere ends are also positioned at 
the nuclear periphery in both G1 and S phase by the yKu70/yKu80 
heterodimer in a pathway that requires the telomerase complex 
subunits Est1 and Est2 (Taddei et al., 2004; Schober et al., 2009). We 
will refer to this pathway as the yKu/Est pathway of telomere tether-
ing. Of interest, yKu70/yKu80, telomerase, and Mps3 all play a role 
in recruitment of nonrepairable DSBs to the nuclear periphery, pre-
sumably due to the formation of telomere-like ends at the break site 
(Oza et al., 2009; Oza and Peterson, 2010; Schober et al., 2009).

To achieve the multiple functions just mentioned, Mps3 must 
have multiple binding partners, which raises an important question: 
how do cells regulate the interaction between proteins to achieve 
the correct spatial and temporal organization of chromosomes 
within the nucleus? One possibility is that the binding protein is not 
synthesized until a particular time in the yeast life cycle. An example 
of this type of regulation occurs for Ndj1, which is needed only in 
meiosis and is not made in mitotically dividing cells (Conrad et al., 
2007). A second possibility is that binding is regulated by posttrans-
lational modification of either Mps3 or the partner. Mps3 is known 
to be glycosylated, but this modification occurs in the central region 
of the protein and would presumably not affect binding to nuclear 
proteins (Nishikawa et al., 2003). Other modifications of Mps3 have 
not been reported, although the Caenorhabditis elegans ortho-
logue of Mps3, SUN-1, is phosphorylated on several sites during 
meiotic bouquet formation. Phosphorylation of SUN-1 requires the 
activity of the CHK-2 and PLK-2 kinases (Penkner et al., 2007; Harper 
et al., 2011; Labella et al., 2011). Posttranslational modification 
could directly regulate binding to nuclear proteins, or it could have 
an indirect effect through a change in subcellular localization of ei-
ther Mps3 or its partner so that the two proteins are spatially 
separated.

The conserved Eco1/Ctf7 acetyltransferase (hereafter called 
Eco1) is an excellent candidate to regulate Mps3 functions in the 
nucleus. Eco1 is essential for the establishment of sister chromatid 
cohesion during S phase of the cell cycle due to its role in acetyla-
tion of two conserved lysine residues in Smc3, a structural compo-
nent of the multisubunit cohesin complex (Skibbens et al., 1999; 
Toth et al., 1999; Rolef Ben-Shahar et al., 2008; Unal et al., 2008; 
Zhang et al., 2008; Rowland et al., 2009). Eco1 is also involved in 
maintaining cohesion after DNA DSBs, control of recombination, 
regulation of gene expression, condensation of chromosomes, and 
tethering of telomeres at the nuclear periphery (Strom et al., 2004, 
2007; Unal et al., 2004, 2007; Gard et al., 2009; Lu et al., 2010). A 
number of additional Eco1 targets have been proposed based 
largely on acetylation by Eco1 in vitro; however, the biological im-
portance of each is poorly understood (reviewed in Skibbens, 2009; 
Xiong and Gerton, 2010). Although Mps3 is not among these tar-
gets, Mps3 was previously identified as an Eco1-binding protein in 
a genome-wide yeast two-hybrid screen (Uetz et al., 2000). Eco1 
and Mps3 can also interact in vitro and in vivo, at least when Eco1 is 
overproduced, further supporting the idea that Eco1 may regulate 
Mps3 function (Antoniacci et al., 2004). Analysis of an mps3 mutant 
unable to associate with Eco1 showed that Mps3 plays a nonessen-
tial role in the establishment of sister chromatid cohesion (Antoni-
acci et al., 2004; Antoniacci and Skibbens, 2006). However, because 
this mutant is inviable at high temperatures most likely due to a SPB 
duplication defect, it is possible that the failure in chromosome co-
hesion is an indirect result of aberrant spindle formation.
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GST-Mps31-150 was incubated with wild-type 
GST-Eco1 but not with any of the four GST-
eco1 mutant proteins with significantly re-
duced catalytic activity (Figure 2C; Ivanov 
et al., 2002; Zhang et al., 2008; Lu et al., 
2010). Based on comparison to the bona 
fide Eco1 substrate, the GST-Scc1169-337 
fragment, Mps3 appears to be acetylated at 
least as well, if not slightly more efficiently, 
under our reaction conditions in vitro (Figure 
2A). The slowly migrating band in these re-
actions is due to autoacetylation of Eco1, 
which occurs in Escherichia coli and when 
activity is assayed in vitro (Ivanov et al., 
2002; Lu et al., 2010).

Eco1 acetylates lysines 147, 148, and 
150 in Mps3 in vitro
The Mps3 N-terminus has 13 lysine resi-
dues that are possible sites of acetylation 
(Figure 3A). Deletion of amino acids 2–75 
resulted in a 40% decrease in acetylation, 
whereas removal of amino acids 75–150 
led to a version of the N-terminus that was 
no longer acetylated, as determined by 
Western blotting with anti-AcK antibodies 
and 3H-CoA incorporation (Figure 3, B and 
C). This suggests that the primary acetyla-
tion site(s) is located between residues 75 
and 150. To map the specific lysine 
residue(s), we created alanine substitution 
mutants in each lysine in the N-terminus 
and examined acetylation by Eco1 in vitro. 
Mutation of residues 147, 148, and 150 to 
alanine virtually abolished GST-Eco1 
acetylation (Figure 3, D and E). Each of 
these sites contributes to overall acetyla-
tion by Eco1, as single and double mu-
tants in these residues were still efficiently 
acetylated (Figure 3E; unpublished data). 
Although a small level of acetylation could 
be detected in GST-Mps31-150K147AK148AK150A, 
quantitation of 3H-CoA incorporation 
showed a reproducible reduction in acety-

lation by >90% compared with the wild-type GST-Mps31-150 in our 
in vitro reactions (Figure 3, D and E). On the basis of these data, 
we conclude that Eco1 acetylates Mps3 on three lysine residues in 
the N-terminus: K147, K148, and K150.

SPB duplication and DNA damage repair are independent 
of Mps3 acetylation
We created alleles of MPS3 in which lysines 147, 148, and 150 were 
changed to the nonacetylatable residue arginine (mps3-K-R) or to 
glutamine—which is believed to mimic acetylation (mps3-K-Q)—to 
determine the role of Eco1 acetylation on Mps3 function in vivo. 
Cells containing mps3-K-R or mps3-K-Q as the sole copy of the 
MPS3 gene are viable and do not show obvious growth defects at 
any temperature (Figure 4A; unpublished data). In addition, growth 
of both mutants is identical to that of wild type on media containing 
the microtubule inhibitor benomyl, the ribonucleotide reductase in-
hibitor HU, or the DNA-damaging agent methyl methanesulfonate 
(MMS) or after exposure to UV light (Figure 4A). Thus modification 

The Mps3 N-terminus is acetylated by Eco1 in vitro
To determine whether Mps3 is a direct target of Eco1, we expressed 
and purified a fusion between glutathione S-transferase (GST) and 
the N-terminal 150 amino acids of Mps3, which are present in the 
nucleoplasm (GST-Mps31-150; Nishikawa et al., 2003); a fusion be-
tween GST and amino acids 169–337 of Scc1 (GST-Scc1169-337), 
which was shown to be acetylated by Eco1 in vitro (Ivanov et al., 
2002; Lu et al., 2010); and GST alone. In addition, we purified enzy-
matically active GST-Eco1 from bacteria. We mixed GST-Eco1 with 
GST, GST-Scc1169-337, or GST-Mps31-150 in the presence and absence 
of acetyl-CoA to test whether Eco1 acetylates Mps3. Three lines of 
evidence demonstrate that the Mps3 N-terminus is acetylated by 
Eco1 in vitro. First, only when acetyl-CoA was present were we able 
to detect acetylation of GST-Scc1169-337 and GST-Mps31-150 
(Figure 2A). Second, we observed a dose-dependent increase in 
the amount of GST-Mps31-150 that was acetylated when we added 
increasing amounts of GST-Eco1 (Figure 2B). Finally, we observed 
efficient acetylation of the Mps3 N-terminus only when the 

FIGURE 1:  Mps3 is acetylated by Eco1 in vivo. (A) A wild-type untagged strain (WT; SLJ001), as 
well as wild-type (ECO1; SLJ2860) and eco1-1 (SLJ2853) mutant cells in which the endogenous 
copy of MPS3 was tagged at its C-terminus with three copies of the FLAG epitope, were grown 
at 23°C or shifted to 34°C for 3 h, and then lysates were prepared using liquid nitrogen 
grinding. The levels of Mps3-3xFLAG were examined by immunoblotting whole-cell extracts 
with anti-FLAG antibodies. Anti-G6PDH serves as a loading control. Proteins were 
immunoprecipitated with anti-FLAG M2 and analyzed by immunoblotting with anti-FLAG and 
α-Ack antibodies to detect the presence of total Mps3 and acetylated Mps3, respectively. In 
addition, acetylated proteins were immunoprecipitated from lysates using α-Ack antibodies and 
analyzed for the presence of Mps3-3xFLAG by immunoblotting with α-FLAG antibodies. (B) The 
strain containing Mps3-3xFLAG (SLJ2860) was grown asynchronously (asyn), or was arrested for 
3 h in G1 phase using 1 μg/ml α-factor, in S-phase using 10 mM HU, or in G2/M using 10 μg/ml 
nocodazole. To arrest cells in early S phase, cells were arrested in G1 using 1 μg/ml α-factor and 
then released into media containing 10 mM HU. The cell cycle arrest was confirmed by flow 
cytometric analysis of DNA content, and levels of Mps3-3xFLAG and its acetylation were 
examined as in A. The level of acetylated Mps3 detected in each sample is shown. Positions of 
molecular mass markers (kDa) are indicated next to each blot.
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The formation of GCRs results in aneuploidy, 
and their formation is correlated with tum-
origenesis. Previously, deletion of the acidic 
region of the Mps3 N-terminus was shown 
to eliminate the increased level of GCRs in 
the pif1-m2 mutant, possibly by eliminating 
recruitment of broken chromosome ends to 
the nuclear periphery (Oza et al., 2009). In 
contrast, neither mps3-K-R nor mps3-K-Q 
had any significant effect on the rate of 
spontaneous GCR compared with wild type, 
nor did they decrease the rate of GCR in 
pif1-m2 mutants (Figure 4C). These mutants 
also did not affect the GCR rate in slx5∆ or 
mre11∆ mutants (unpublished data), con-
firming that acetylation of Mps3 is not re-
quired for DNA damage repair by this 
mechanism and that acetylation likely does 
not affect recruitment of broken chromo-
some arms to the nuclear periphery.

We also analyzed the mitotic recombina-
tion products in a diploid strain containing 
heteroallelic selectable markers along a 
120-kb region of chromosome V (Barbera 
and Petes, 2006), since previous work 
showed that certain eco1 mutants are de-
fective in reciprocal mitotic recombination, 
which is important for the maintenance of 
heterozygosity (Lu et al., 2010). Here one 
copy of chromosome V contains HIS3, can1-
100, and HYGMX, and the second copy 
contains LEU2, SUP4-o, and KANMX at the 
same position (Figure 4D). In addition, the 
strain is homozygous for the ade2-1 allele, 
which is suppressible by the ochre suppres-
sor SUP4-o: cells containing SUP4-o are 
white, whereas cells lacking SUP4-o are red 
due to the red pigment formed in ade2-1 
mutants in the presence of limiting quanti-
ties of adenine. Using this strain, one can 
distinguish the products of break-induced 
replication (BIR), local gene conversion (LC), 
reciprocal crossovers (RCOs), and chromo-
some loss (CL; Supplemental Figure S1; 
Barbera and Petes, 2006).

We grew cells on 5 μg/ml bleomycin to induce a low level of 
DNA damage and elevate the rate of recombination. Growth on 
these plates did not inhibit cell proliferation in wild-type or mutant 
strains (unpublished data). Individual colonies were then resus-
pended and plated to selective medium such that only cells that 
had undergone a recombination event were able to grow. Colonies 
from the initial selection plate were further scored to assess the type 
of recombination event that occurred (Supplemental Figure S1; see 
also Materials and Methods). We found that a similar recombination 
rate and distribution of recombination products was observed in 
wild type and mps3-K-R, mps3-K-Q, and eco1-1 mutants in four in-
dependent analyses (Figure 4E). Although this result was somewhat 
surprising, given the previously described effects of eco1-W216G 
on recombination outcomes (Lu et al., 2010), the lack of an effect in 
eco1-1 mutants is consistent with our finding that acetylation of 
Mps3 does not significantly affect mitotic recombination. eco1-1, 
eco1-W216G, and eco1-ack contain mutations in conserved residues 

of lysines 147, 148, and 150 does not appear to be required for 
mitotic growth. Because the essential function of Mps3 is at the SPB, 
the fact that these mutants are viable and exhibit no apparent sen-
sitivity to benomyl, increase in ploidy, or mitotic delay (unpublished 
data) suggests that acetylation is not required to regulate Mps3 
function during SPB duplication.

The ability of both mps3-K-R and mps3-K-Q to grow under con-
ditions of low levels of DNA damage suggests that acetylation also 
is not required for Mps3’s function in DNA damage repair. To further 
demonstrate that acetylation does not affect Mps3’s response to 
damage, we used an assay that monitors gross chromosomal rear-
rangements (GCRs) caused by mutation of the Pif1 helicase (pif1-
m2), which negatively regulates telomerase (Figure 4B; Schulz and 
Zakian, 1994; Myung et al., 2001a). GCRs such as translocations, 
inversions, deletion of a chromosome arm, or interstitial deletions 
are believed to occur between DNA sequences that have limited 
homology but may be located in the same region of the nucleus. 

FIGURE 2:  Mps3 is acetylated by Eco1 in vitro. (A) Recombinant GST, GST-Mps31-150, and 
GST-Scc1169-337 were treated with GST-Eco1 in the presence and absence of CoA in an 
acetylation reaction in vitro. Reaction products were analyzed by SDS–PAGE, followed by 
Coomassie blue staining (left) or by immunoblotting with α-Ack antibodies (right). The migration 
of GST-Mps31-150 and GST-Scc1169-337 is indicated by arrows. An asterisk marks the position of 
GST-Eco1, which autoacetylates in vitro even in the absence of exogenous CoA, as previously 
shown (Ivanov et al., 2002). (B) GST-Mps31-150 was incubated with increasing amounts of 
GST-Eco1 (nanograms; lanes 1–5), with GST alone (lane 6; 1000 ng), or in the absence of any 
acetyltransferase (lane 7) in the presence of 3H-CoA. Total protein was detected by Coomassie 
blue staining (top), and acetylated proteins were visualized by immunoblotting with α-Ack 
antibodies (bottom). (C) GST-Mps31-150 or GST alone was incubated in an acetylation assay with 
wild-type GST-Eco1 or with one of four different GST-eco1 mutant proteins that have differing 
catalytic activity (Ivanov et al., 2002; Lu et al., 2010). α-GST (top) and α-Ack (bottom) Western 
blots show total protein levels and acetylated proteins, respectively, in each reaction. Positions 
of molecular mass markers (kDa) are indicated next to each blot.
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acetyltransferase activity detected in the 
mutant eco1 proteins in vitro, suggesting 
that there are additional aspects to Eco1 
regulation beyond its catalytic activity. De-
spite this issue, three lines of evidence show 
that acetylation of Mps3 is not required for 
its function in DSB repair: growth on media 
containing DNA-damaging agents and 
wild-type levels of mitotic recombination 
and chromosomal rearrangements.

Mps3 acetylation is required for 
establishment of sister chromatid 
cohesion
On the basis of the fact that Eco1 is essen-
tial for the establishment of sister chromatid 
cohesion and that Mps3 was previously 
shown to play a nonessential role in this pro-
cess (Skibbens et al., 1999; Toth et al., 1999; 
Antoniacci et al., 2004; Antoniacci and 
Skibbens, 2006), we were interested in test-
ing the possibility that acetylation is impor-
tant for Mps3’s function in establishment of 
cohesion. Wild-type, mps3∆75-150, mps3-
K-R, and mps3-K-Q cells containing inte-
grated arrays of the lactose operator (LacOR) 
near the centromere of chromosome IV and 
expressing the DNA-binding region of the 
lactose repressor fused to green fluorescent 
protein (GFP; LacI-GFP) were arrested with 
replicated DNA in G2/M using nocodazole 
(Figure 5A). If cohesion is correctly estab-
lished, a single focus of GFP will be visible 
under these conditions due to the close 
proximity of the sister chromosomes. How-
ever, if there is a defect in cohesion, a sig-
nificant fraction of cells will contain two GFP 
foci (Figure 5A). Eighty-seven percent of 
wild-type and 78% of mps3-K-Q cells cor-
rectly established cohesion (Figure 5B). In 
contrast, only 63 and 69% of mps3∆75-150 
and mps3-K-R cells established cohesion, 
respectively; in the remaining 37 and 31% 
of cells, cohesion was lost (Figure 5B). This 
small but statistically significant decrease 
indicates that acetylation of Mps3 by Eco1 
positively regulates the function of Mps3 in 
sister chromatid cohesion.

Acetylation of Mps3 is involved in 
peripheral localization of telomeres
In addition to its role in cohesion, Mps3 is 
required for telomere tethering at the nu-
clear periphery (Bupp et al., 2007; Schober 
et al., 2009; Chan et al., 2011). Despite con-
siderable effort, we and others have been 
unable to detect an interaction between re-

combinant Mps3 and several proteins involved in recruitment of 
chromosome ends to the nuclear periphery (Antoniacci et al., 2007; 
Bupp et al., 2007; Schober et al., 2009). One possible explanation is 
that posttranslational modification of Mps3, including acetylation, is 
required for its binding to these proteins. To test this idea, we 

in the acetyltransferase catalytic cleft. Differences between these 
mutants have been previously reported in a number of biological 
assays (Strom et al., 2007; Unal et al., 2007, 2008; Gard et al., 2009; 
Lu et al., 2010). For reasons that are not entirely clear, the pheno-
types observed in vivo do not always directly correlate with levels of 

FIGURE 3:  Eco1 acetylates lysines 147, 148, and 150 on Mps3. (A) Schematic of Mps3 showing 
different domains, including the N-terminal acidic domain, the transmembrane domain (tm), 
coiled-coil domains (cc), a polyglutamine region (pQ), and the SUN domain. Amino acids located 
between 1 and 150 are shown, and the 13 lysine (K) residues in this region that could be 
possible acetylation sites are highlighted in red. The three lysines that appear to be acetylated 
by Eco1 are underlined. (B) Schematic of fusions of the Mps3 N-terminus fused to GST. 
GST-Mps31-150 contains amino acids 1–150 and includes all 13 lysine residues. The deletion 
constructs ∆2-75 and ∆75-150 remove amino acids 2–75 and 75–150, respectively, and the 
K147A K148A K150A mutant has three key lysine residues mutated to alanine. (C) GST, 
GST-Mps31-150, and the indicated deletion mutants were incubated with 3H-CoA in an acetylation 
assay. Reaction products were analyzed by Coomassie blue staining (top), by immunoblotting 
with α-Ack antibodies (center), and by autoradiography (bottom). (D, E). Similarly, specific lysine 
residues were mutated to the nonacetylatable residue alanine, and the ability of each to serve as 
an Eco1 substrate was tested in an acetylation reaction in vitro as in C, Acetylation level was 
quantitated based on 3H-CoA incorporation into the GST-Mps3 fusion protein. The levels of 
incorporation on GST only and GST-Mps31-150 were set to 0 and 1, respectively. Asterisks mark 
the position of GST-Eco1, which autoacetylates in vitro, as previously shown (Ivanov et al., 2002; 
Lu et al., 2010). Positions of molecular mass markers (kDa) are indicated next to each blot.
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value close to 1 indicates that the focus is located near the center of 
the nucleus. Plots of the distance ratios for each telomere are shown 
in Figure 6B. If we consider that the nucleus is a sphere with two 
zones of equal volume, we can also organize foci into these zones 
using their distance ratio: foci in the outer zone are likely to have 
contacts with the nuclear periphery due to association of the telom-
ere with proteins at the nuclear envelope, whereas foci in the inner 
zone are more likely not to contact the nuclear membrane and are 
considered to be untethered. This data are presented in Figure 6, B 
and C.

We analyzed the position of telomere 6R, telomere 8L, telomere 
14L, and a truncated version of telomere 6R that contains the ADE2 
gene in addition to telomeric repeats (tel 6Rtrunc) in asynchronously 

examined telomere position in mps3-K-R and mps3-K-Q mutants 
using LacOR arrays integrated into the chromosome adjacent to a 
telomere, which was visualized using GFP-LacI (Figure 6A). The nu-
clear surface was visualized by coexpression of the nucleoporin 
Nup49 fused to GFP (NUP49-GFP). Each telomeric focus was as-
signed a position within the nucleus based on its distance from the 
nuclear periphery, defined by Nup49-GFP, in the z-section where 
the spot was in focus. These distances were manually measured; 
however, a custom-written ImageJ plug-in ensured that the correct 
focal plane and pixel was chosen. To compare nuclei of different 
sizes, we derived a distance ratio by dividing the spot–periphery 
distance by the nuclear radius. If the distance ratio is close to 0, the 
telomere is likely to be tethered at the nuclear envelope, whereas a 

FIGURE 4:  Loss of Eco1 acetylation does not affect chromosome rearrangements or mitotic recombination.  
(A) Wild-type (SLJ001), rad52∆ (SLJ2811), mad2∆ (SLJ5063), mps3-1 (SLJ4361), mps3-K-R (SLJ4754), mps3-K-Q 
(SLJ4753), mps3∆2-64 (SLJ2061), and mps3∆75-150 (SLJ2832) cells were serially diluted 10-fold and were stamped onto 
YPD plates containing nothing, 10 μg/ml benomyl, 50 mM HU, or 0.005% MMS. One set of YPD plates was exposed to 
5 J of UV light. Plates were incubated for 3 d at 23°C. One YPD plate was incubated at 37°C. (B) Schematic of assay 
used to detect GCRs. Chromosome V contains CAN1 and URA3 at HXT13 between the centromere and the telomere, 
which renders cells sensitive to both canavanine and 5-FOA (Chen and Kolodner, 1999), allowing for rare 
rearrangements to be scored by determining the number of colonies that are resistant to canavanine and 5-FOA. Two 
types of rearrangements are shown, although many others are possible, as previously shown (Chen and Kolodner, 1999; 
Myung et al., 2001a). (C) The rate of spontaneous GCRs was determined in the indicated strains in three independent 
experiments. The numbers in parentheses refer to the fold increase in GCR rates over wild type. Also shown are 
previously described rates of GCRs from Chen and Kolodner (1999; note 1) and Oza et al. (2009; note 2). (D) The 
genotype of the starting diploid for detecting the products of mitotic recombination (Barbera and Petes, 2006). 
Phenotypic classes of unsectored canavanine-resistant colonies can be scored as outlined in Supplemental Figure S1 to 
determine the types of mitotic recombination events that have occurred. (E) This was done in diploids homozygous for 
MPS3 (SLJ4793 or SLJ5045), mps3-K-R (SLJ5020 or SLJ5021), mps3-K-Q (SLJ5017 or SLJ5019), and eco1-1 (SLJ5241 or 
SLJ5242). The total rate of recombination and the rate at which each type of recombination event was observed are 
shown for at least four independent colonies of each genotype in a minimum of four independent experiments. Error 
bars, SE of the mean. Although some values may appear to be slightly elevated or decreased, such as CL and BIR, 
respectively, in eco1-1 compared to wild type, the values obtained are not considered to be statistically significant 
(p < 0.01).
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cant decrease in G1 phase but not in S 
phase (Figure 6C and Supplemental Table 
S1). mps3∆75-150 may indirectly affect te-
lomere tethering, perhaps through defects 
in membrane organization and/or protein 
synthesis (Witkin et al., 2010; Friederichs et 
al., 2011; Horigome et al., 2011).

Telomeres were localized in the periph-
eral zone near the nuclear envelope in 
mps3-K-Q mutants during both G1 and S 
phase, similar to what was observed in wild-
type cells (Figure 6, B and C, and Supple-
mental Table S1). However, the enrichment 
of certain telomeres with the nuclear enve-
lope was lost in mps3-K-R mutants (Figure 6, 
B and C, and Supplemental Table S1). A sta-
tistically significant decrease in the number 
of peripherally localized telomeric foci was 
observed in S-phase nuclei in mps3-K-R for 
telomere 8L and telomere 14L, whereas 
there was a 10% increase in the number of 
G1-phase cells with telomere 8L at the nu-

clear periphery compared with wild type (Figure 6C and Supple-
mental Table S1). The median distance of telomeres 6R, 8L, and 14L 
from the nuclear envelope, normalized based on nuclear size, also 
increased during S phase (Figure 6B and Supplemental Table S1): 
from a value of 0.10 to a value of 0.18, from 0.10 to 0.17, and from 
0.13 to 0.24 for telomeres 6R, 8L, and 14L, respectively. The dis-
tance ratio for telomere 6Rtrunc was 0.12 in G1 phase and 0.13 in S 
phase, indicating that its tethering is not affected by Mps3 acetyla-
tion (Supplemental Table S1). From this we conclude that Mps3 
acetylation is required for tethering of certain telomeres, particularly 
during S phase.

We also examined telomere position using LacOR arrays in cells 
containing the eco1-1 mutation grown at the permissive tempera-
ture of 23°C. In G1-phase nuclei, telomeres 6R, 8L, and 14L were 
enriched in the peripheral nuclear zone (Figure 6, B and C, and Sup-
plemental Table S1). Only telomere 6Rtrunc was partially unteth-
ered. However, in S-phase nuclei, the eco1-1 mutant had a defect in 
peripheral localization of telomeres 8L and 14L but not telomere 
6Rtrunc (Figure 6C and Supplemental Table S1). Therefore muta-
tion of ECO1 leads to a defect in tethering of certain telomeres, 
particularly during S phase. When compared with mps3-K-R, the 
effect of eco1-1 on telomere positioning is similar but not com-
pletely identical. This could be due to other Eco1 targets or to de-
fects associated with loss of chromosome integrity (reviewed in 
Skibbens, 2009; Xiong and Gerton, 2010). The mitotic arrest and 
nuclear morphology defects associated with eco1-1 prevented us 
from analyzing telomere position in cells grown at the nonpermis-
sive temperature.

Telomere-silencing defects in mps3-K-R mutants
Strains containing the ADE2 marker at the truncated telomere 6R 
allowed us to determine whether mps3-K-R and eco1-1 mutants 
have defects in transcriptional regulation of a telomeric reporter 
gene. Wild-type cells appeared as sectored red and white colonies 
after growth on plates containing limiting amounts of adenine due 
to stochastic expression of ADE2 (Figure 7). As previously reported 
(Bupp et al., 2007), mps3∆75-150 mutants are partially defective in 
telomeric silencing and are unable to sector, appearing light pink to 
white in color due to increased expression of ADE2 at the truncated 
telomere (Figure 7). The mps3-K-R and eco1-1 mutants also did not 

growing mps3∆75-150, mps3-K-R, mps3-K-Q, and eco1-1 mutants 
and compared the distance ratio measurement to results in wild-
type cells. Because the size of the bud can be used to approximate 
cell cycle position, the position of telomeres in G1- and S-phase 
nuclei could be scored in asynchronously growing cells. In nuclei 
from both G1- and S-phase cells, all four telomeres were strongly 
shifted to the peripheral zone in wild-type cells (Figure 6, B and C, 
and Supplemental Table S1). The one possible exception is telom-
ere 6R, which shows 57% of foci in the peripheral zone in S phase 
compared with its 79% tethering in G1 phase. In all other wild-type 
samples, between 70 and 80% of telomeric foci were tethered in G1 
and S phase. This is consistent with previous data showing that these 
telomeres are tethered at the nuclear periphery in both cell cycle 
phases (Hediger et al., 2002). However, the extent of tethering is 
greater than previously reported, especially in G1 nuclei (Hediger 
et al., 2002; Taddei et al., 2004). The exact source of this discrepancy 
is unknown, although it is not merely attributable to our use of a two-
zone rather than a three-zone system (Figure 6B). One likely possibil-
ity is that use of confocal imaging rather than wide-field microscopy 
allowed us to achieve a greater level of resolution in the z-axis, allow-
ing for an increased number of foci to be included in the analysis.

Telomeres from mps3∆75-150 mutants assume what appears to 
be a random distribution, with ∼40–60% of telomeric foci in the pe-
ripheral zone (Figure 6, B and C, and Supplemental Table S1). If 
nuclei from G1- and S-phase cells are compared, it appears that the 
mps3∆75-150 mutant has a more severe effect on telomere tether-
ing in S phase than in G1. For example, tethering of telomere 8L 
shows a 26% reduction in G1 phase but a 41% reduction in S phase 
in mps3∆75-150 mutants compared with wild type. Telomere 
6Rtrunc is also reduced by 15% in G1 phase but by 34% in S phase 
in mps3∆75-150 versus wild type. These findings are consistent with 
the idea that Mps3 is required for S-phase telomere tethering (Bupp 
et al., 2007; Schober et al., 2009). However, it is not possible to de-
termine whether Mps3 is acting through Sir4 or yKu/Est based on 
these data. Tethering of telomere 14L and 6Rtrunc are believed to 
occur largely through Sir4 (Hediger et al., 2002; Taddei et al., 2004), 
and anchoring of both telomeres is reduced in S-phase nuclei in 
mps3∆75-150 mutants, but telomere 14L is also mislocalized in G1 
phase (Figure 6C and Supplemental Table S1). Tethering of telom-
ere 6R strongly depends on yKu80, and it shows a statistically signifi-

FIGURE 5:  Mps3 acetylation is required for its role in sister chromatid cohesion. (A) Sister 
chromatid cohesion was tested by arresting cells containing GFP-LacI and an integrated copy of 
∼256 LacOR on the arm of chromosome IV in mitosis using nocodazole. Under these conditions, 
a single GFP focus is indicative of cohesion, whereas the appearance of two foci indicates that 
cohesion has been lost. The cell outline is based on the differential interference contrast (DIC) 
image. Bar, 5 μm. (B) Percentage of large-budded wild-type (SLJ1982), mps3∆75-150 (SLJ3130), 
mps3-K-R (SLJ3133), and mps3-K-Q (SLJ3134) cells that contained two distinct GFP foci. The 
number of cells analyzed in at least three independent experiments is indicated (n) along with 
the p value compared with wild type in Student’s t test. Error bars, SD from the mean.
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show sectoring, and colonies were light pink to white (Figure 7). In 
contrast, red and white sectored colonies were observed in mps3-
K-Q mutants (Figure 7). Thus Mps3 acetylation also affects telo-
meric gene expression. It is curious that telomere 6Rtrunc was not 
mislocalized in mps3-K-R mutants and its tethering was only partially 
affected in eco1-1 cells. Therefore the loss of silencing probably is 
due to an alteration in the distribution or stability of silencing pro-
teins in the mutant cells rather than a direct consequence of loss of 
peripheral localization. Although the nuclear periphery is believed 
to contribute to inhibition of gene expression by providing a high 
local concentration of silencing factors, several studies have shown 
that telomeric silencing can occur at internal locations and is likely 
dependent on the levels and organization of silencing proteins 
(Mondoux et al., 2007; Ruault et al., 2011).

Acetylation of Mps3 does not affect its localization
Our observation that mps3∆75-150-GFP does not localize to the 
peripheral nuclear membrane led to the hypothesis that INM distri-
bution and Mps3’s function in nuclear organization were interdepen-
dent (Bupp et al., 2007). Therefore we were interested in examining 
the localization of mps3-K-R-GFP and Mps3-GFP in eco1-1 to see 
whether acetylation controlled Mps3 distribution in the nuclear 
membrane. As we previously demonstrated, mps3∆75-150-GFP lo-
calizes to the SPB but not to foci on the nuclear envelope (Figure 8A). 
In contrast, localization of mps3-K-R-GFP and mps3-K-Q-GFP re-
vealed a distribution that was virtually indistinguishable from that of 
wild-type Mps3-GFP (Figure 8A).

To quantify these images, we used the transmitted light image to 
determine the cell boundary and the histone 2B–mCherry signal to 
determine the nuclear boundary. We could then calculate the 
amount of Mps3-GFP at the nuclear envelope (NE; the signal de-
fined by the outer boundary of the nuclear marker) and the levels of 
the protein present on nonnuclear membranes (non-NE; the signal 
inside the boundary of the transmitted light but outside that of the 
nucleus). A threshold cutoff allowed us to exclude Mps3-GFP at the 
bright SPB. We then determined the NE/non-NE ratio, which is a 
reflection of the degree to which Mps3-GFP localizes to the INM 
compared with other membranes throughout the cell (Gardner et 
al., 2011). Using this method of analysis, we found that there was no 
statistically significant change in the levels of mps3-K-R-GFP or 
mps3-K-Q-GFP at the INM compared with Mps3-GFP in either G1- 
or S-phase cells (Figure 8, A and B, and Supplemental Table S2). The 
level of protein at the SPB was also unchanged (Supplemental Fig-
ure S2A). However, the NE/non-NE ratio of mps3∆75-150-GFP was 
decreased in both G1- and S-phase cells, consistent with previous 
results (Gardner et al., 2011). In this experiment, statistical signifi-
cance was analyzed using the Mann–Whitney test, which allows for 
comparison of two data sets that have unequal dispersion. A U value 
of <0.05 was considered to be statistically significant.

Inactivation of Eco1 by the temperature-sensitive eco1-1 allele 
also did not change Mps3-GFP localization in S-phase cells (Figure 
8, C and D, Supplemental Figure S2B, and Supplemental Table S2). 
It is unclear why we see reduced levels of Mps3-GFP at the INM in 
eco1-1 mutants in G1 (NE/non-NE = 2.9 in eco1-1 compared with 
3.98 in wild-type, U = 0.01); the defect in localization is likely not the 
result of changes in Mps3 acetylation, since INM distribution of both 
the nonacetylatable mps3-K-R-GFP and the constitutively acety-
lated mps3-K-Q-GFP are Eco1 independent (Supplemental Figure 
S3 and Supplemental Table S2). Thus, although the mps3-K-R allele 
is unable to tether certain telomeres, it still localizes to the INM, in-
dicating the role of Mps3 in nuclear organization is controlled by at 
least two mechanisms: a pathway that regulates its distribution in 

the INM, and acetylation, which does not affect localization but in-
stead controls interactions with proteins required for telomere teth-
ering and sister chromatid cohesion.

DISCUSSION
In this article we showed that the INM protein Mps3 is a substrate 
for Eco1 acetyltransferase in vitro and in vivo. We mapped the sites 
of acetylation to three lysine residues adjacent to the Mps3 trans-
membrane domain and demonstrated that mutation of these resi-
dues leads to defects in multiple aspects of nuclear organization, 
including sister chromatid cohesion, telomere tethering, and gene 
silencing. This is a novel function for the highly conserved Eco1 
acetyltransferase that is independent of its well-established role in 
sister chromatid cohesion.

We found that Mps3 was acetylated in vitro by Eco1, mapped 
the acetylation sites using site-directed mutagenesis, and found 
that the primary Eco1 targets are three lysine residues adjacent to 
the Mps3 transmembrane domain. The fact that Mps3 acetylation is 
virtually eliminated in eco1-1 mutants suggests that Mps3 is mainly 
acetylated by Eco1 in vivo, but it is also possible that it is modified 
at other sites by a different acetyltransferase. One leading candi-
date is the NuA4 acetyltransferase due to its role in telomeric silenc-
ing (Zhang et al., 2004) and its interaction with Mps2, a SPB compo-
nent, and Mps3-binding protein (Le Masson et al., 2002; Jaspersen 
et al., 2006). Acetylation at additional sites may explain why mps3-
K-R has a relatively mild phenotype compared with other mps3 al-
leles such as mps3∆75-150 mutants. During S phase, Smc3 is acety-
lated by Eco1 on two conserved lysine residues, K112 and K113 
(Rolef Ben-Shahar et al., 2008; Unal et al., 2008; Zhang et al., 2008). 
Smc3 is believed to be the essential target of Eco1; however, several 
additional substrates have been proposed based largely on in vitro 
studies using recombinant proteins (Ivanov et al., 2002; Bellows 
et al., 2003; Williams et al., 2003; Unal et al., 2008). Included in this 
list is Scc1/Mcd1, which is acetylated in response to DNA damage 
on K84 and K210 (Heidinger-Pauli et al., 2009). Of interest, the Mps3 
acetylation site that we mapped on Mps3 is reminiscent of that ob-
served on Smc3, in that it contains a pair of adjacent lysine residues. 
However, the Mps3 site is not obviously conserved in other SUN 
proteins, and so although they might be substrates of Eco1, the 
modification probably occurs on distinct residues.

Examination of mps3-K-R mutants revealed that Eco1 acetylation 
of Mps3 is required for distinct cellular events. Although mps3-K-R 
has defects in sister chromatid cohesion and peripheral localization 
of some telomeres, the mutant is able to efficiently repair DSBs and 
duplicate the SPB. Our observation that mps3-K-R-GFP localizes to 
the SPB and the INM suggests that the defects in this mutant are not 
attributable merely to changes in localization but rather are due to 
loss of binding of critical nuclear factors to Mps3. Thus we would 
predict that acetylation would specifically affect the interaction be-
tween Mps3 and proteins involved in telomere tethering and sister 
chromatid cohesion. Candidates include the silencing proteins Sir2, 
Sir3, and Sir4, the telomere-binding proteins yKu70/yKu80, telom-
erase components such as Est1 and Est2, and the histone variant 
H2A.Z that is required for localization of Mps3 to the INM and is 
enriched in subtelomeric chromatin (Li et al., 2005; Zhang et al., 
2005; Gardner et al., 2011). Coimmunoprecipitation and two-hybrid 
experiments have not revealed a change in binding between Sir4 or 
H2A.Z and Mps3 or mps3-K-R (unpublished data), suggesting that 
acetylation does not regulate Mps3 association with these proteins. 
We have been unable to observe a direct interaction between Mps3 
and Est1, Est2, or yKu70/yKu80 by coimmunoprecipitation or by the 
two-hybrid test, indicating that additional proteins or modifications 
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FIGURE 6:  Mps3 acetylation is important for telomere tethering. (A) The subnuclear position of the indicated telomeres 
containing ∼256 copies of the LacOR was analyzed in cells expressing GFP-LacI and Nup49-GFP. Some telomeres also 
have four copies of the lexABS inserted adjacent to the LacOR. A truncated version of telomere 6R was constructed by 
inserting an ADE2 reporter and copies of telomeric repeats, as previously described (Hediger et al., 2002). (B) The 
distribution of telomeres was determined in asynchronously growing wild-type MPS3 (SLJ5697), mps3∆75-150 
(SLJ5701), mps3-K-R (SLJ5705), mps3-K-Q (SLJ5709), and eco1-1 (SLJ5883) cells at 23°C. The ratio of the distance of the 
telomeric foci to the nuclear envelope compared with the nuclear radius was plotted for all foci examined. The small 
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that controls chromosome dynamics at the 
nuclear envelope.

In the female gonad of C. elegans, SUN 
protein function is regulated by phosphory-
lation, which affects its ability to aggregate 
in the nuclear envelope (Penkner et al., 
2009; Sato et al., 2009; Harper et al., 2011; 
Labella et al., 2011). Studies of Mps3 in 
meiosis also suggested that the formation 
of higher-order complexes mediate chro-
mosome reorganization during prophase 
(Conrad et al., 2007, 2008; Rao et al., 2011). 
In mitosis, Mps3 was recently implicated in 
telomere clustering through association with 
the ribosome biogenesis factors Ebp2 and 
Rrs1 (Horigome et al., 2011), raising the 

possibility that acetylation affects Mps3 mobility in the membrane 
by neutralizing the negatively charged lysines adjacent to the trans-
membrane domain. Line-scanning fluorescence autocorrelation 
analysis of mps3-K-R-GFP and mps3-K-Q-GFP at the nuclear mem-
brane did not reveal a statistically significant change in mobility or 
oligomerization compared with wild-type Mps3-GFP (unpublished 
data). Therefore we favor a simpler model in which Mps3 acetyla-
tion by Eco1 directly affects its ability to associate with telomere-
associated proteins. Our observation that telomere tethering is most 
affected in S-phase cells when Eco1 levels are high is consistent with 
this model (Lyons and Morgan, 2011). We did not observe a strict 
requirement for Mps3 acetylation for tethering of certain classes of 
telomeres (i.e., mps3-K-R mutants failed to tether telomeres be-
lieved to be anchored primarily by yKu or Sir4 [Hediger et al., 2002; 
Taddei et al., 2004]), perhaps suggesting that membrane receptors 
for telomeres do not exhibit a strict one-to-one correlation for 
telomeres. Instead, cooperativity and clustering may play a more 
important role. At least two other membrane-based receptors for 
telomeres exist during S-phase—Heh1 and Esc1 (Andrulis et al., 
2002; Chan et al., 2011). Future studies aimed at a molecular analy-
sis of functional silencing and tethering complexes on the mem-
brane will help elucidate the role that acetylation and other post-
translational modifications, such as sumoylation of Sir4 and yKu80 
(Ferreira et al., 2011), play in nuclear organization and cross-talk 
between telomere tethering pathways.

MATERIALS AND METHODS
Yeast strains and plasmids
All strains are derivatives of W303 (ade2-1, trp1-1, leu2-3112, ura3-1, 
his3-11,15, can1-100) unless indicated and are listed in Supplemen-
tal Table S3. Standard techniques were used for DNA and yeast 
manipulations. Construction of pSJ148 (pRS305-MPS3) and pSJ650 
(pRS306-MPS3-GFP) has been previously described (Jaspersen 
et al., 2006; Bupp et al., 2007). Mutations were generated in these 

may regulate their interaction in vivo. One possibility is that Mps3 
acetylation regulates its association with the cohibin complex. Origi-
nally identified based on its function in nucleolar organization, this 
tetrameric complex containing two copies of both Csm1 and Lrs4 
also interacts with telomere factors and is required for Sir4 associa-
tion with Mps3 (Smith et al., 1999; Mekhail et al., 2008; Corbett 
et al., 2010; Chan et al., 2011). The fact that the mps3-K-R mutant 
displays defects in nuclear organization but localizes normally to the 
INM suggests an additional level of complexity in Mps3 interaction 
with chromosomes that was not appreciated in previous studies 
(Antoniacci and Skibbens, 2006; Bupp et al., 2007; Oza et al., 2009; 
Schober et al., 2009).

Acetylation of Mps3 by Eco1 does not appear to fluctuate during 
the cell cycle, yet sister chromatid cohesion is established during S 
phase (Skibbens et al., 1999; Toth et al., 1999). In addition, we 
showed that Eco1-dependent telomere tethering is more affected 
in S phase than in G1 phase. This raises the interesting question of 
how Mps3 acetylation is regulated during the cell cycle and how this 
is translated into changes in its interaction with telomere-associated 
proteins or with proteins involved in cohesion. One possibility is that 
only a small fraction of Mps3 is controlled by acetylation/deacetyla-
tion, such as the population of Mps3 at the INM. Because the major-
ity of Mps3 is at the SPB (Bupp et al., 2007), a change in modifica-
tion of the smaller pool of INM Mps3 would be difficult to detect. 
Another possibility is that deacetylation occurs in a small time win-
dow of the cell cycle that we have not been able to observe in our 
arrested cells or in cells undergoing a synchronous cell cycle (un-
published data). Alternatively, Mps3 may be constitutively acety-
lated; only newly synthesized Mps3 may exist in the deacetylated 
form. Consistent with this latter hypothesis, we have been unable to 
deacetylate Mps3 with Hos1, the deacetylase that acts on Smc3 
(unpublished data; Beckouet et al., 2010; Borges et al., 2010; Xiong 
et al., 2010). A final possibility is that Mps3 is constitutively acety-
lated, and it is cell cycle–dependent regulation of its binding partner 

FIGURE 7:  Silencing defect in mps3-K-R mutants. Expression of the telomeric ADE2 gene in 
wild-type MPS3 (SLJ2602), mps3∆75-150 (SLJ3081), mps3-K-Q (SLJ3077), mps3-K-R (SLJ3075), 
and eco1-1 (SLJ3191) was monitored by streaking cells to SD plates containing 10 mg/ml 
adenine. After growth for 3 d at 30°C, plates were incubated for 1 wk at 4°C to allow the red 
pigment to develop. In the case of eco1-1, cells were grown at 23°C. Expression of ADE2 
results in white-colored cells and blocks the accumulation of the red pigment in this strain 
background (see arrows in MPS3 and mps3-K-Q); this occurs in cells that have lost telomeric 
silencing. Bar, 1 cm.

mps3∆75-150 mps3-K-R mps3-K-QMPS3 eco1-1

white box represents the mean, whereas the black box centered on the mean represents the SE. The third black line 
represents the median. A distance ratio of 0 is due to tethering, and a value of 1 represents a focus located in the 
center of the nucleus. Cells were grouped into G1 or S phase based on the bud morphology in the DIC image. G1 cells 
were defined as cells that had no visible bud, and S-phase cells were defined as cells that had a bud that was <50% of 
the size of the mother cell. To gauge the likelihood that these foci may interact with proteins at the nuclear periphery, 
one can divide the nucleus into two or three zones of equal volume: foci in the outer zone are likely to have contacts 
with the nuclear periphery due to association of the telomere with proteins at the nuclear envelope (Hediger et al., 
2002; Meister et al., 2010). The gray and green shading correspond to the outermost zone using a two- or three-zone 
method of nuclear segmentation. (C) The percentage of cells from B in which telomeres were tethered at the nuclear 
periphery based on the two-zone method is shown (see Supplemental Table S1 for n and for p value from Fisher’s exact 
probability test between wild-type and mutant distributions). *p ≤ 0.05.
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microscope (LSM 510 META; Carl Zeiss, Jena, Germany) equipped 
with a ConfoCor3 module with avalanche photodiode detectors 
(Carl Zeiss) using a 100× α-Plan Fluar lens (numerical aperture [NA], 
1.45) at room temperature. Excitation of GFP was performed with 
the 488-nm argon laser line and the appropriate filter sets. Data 
were acquired using AIM, version 4.2, software (Carl Zeiss). Images 
were collected with 8–10 image stacks with a 0.3-μm step size 
through the cells at room temperature. Localization of Mps3-GFP at 
the SPB and NE in mutant strains was quantitated as previously de-
scribed (Gardner et al., 2011). Briefly, we created a mask based on 
the transmitted light image of cells using AxioVision software (Carl 
Zeiss). Next we selected all pixels above a predefined threshold of 
the H2B-mCherry signal to create an additional mask that describes 
the nucleus. These masks were used to quantify the amount of 
Mps3-GFP localized in the NE (INM signal) compared with the 
amount of protein that is mislocalized (non-NE/endoplasmic reticu-
lum signal = non-NE) and to determine a ratio of mean intensity per 

plasmids using the QuikChange Mutagenesis Kit (Stratagene, Santa 
Clara, CA). pSJ879 (pRS305-mps3-K147Q K148Q K150Q) and 
pSJ880 (pRS305-mps3-K147R K148R K150R) were digested with 
BstEII to integrate into the LEU2 locus, and pSJ1158 (pRS306-mps3-
K147Q K148Q K150Q-GFP) and pSJ1160 (pRS306-mps3-K147R 
K148R K150R-GFP) were digested with ApaI to integrate into the 
URA3 locus. In some cases, mutants were integrated into the en-
dogenous locus using the PCR strategy described in Tong and 
Boone (2006). Correct integration of mutants was confirmed by PCR 
and sequence analysis. MPS3 was fused to 3xFLAG and HTB2 to 
mCherry by PCR-mediated gene fusion (Sheff and Thorn, 2004).

Cytological techniques
To analyze nuclear envelope staining of Mps3-GFP, we grew cells to 
mid-log phase in synthetic complete media supplemented with 3× 
adenine and placed onto 25% gelatin pads as described previously 
(Bupp et al., 2007). Imaging was performed on a laser scanning 

FIGURE 8:  Effect of Mps3 acetylation on INM localization. (A, C) Localization of Mps3-GFP (SLJ3330), mps3∆75-150-
GFP (SLJ4025), mps3-K-R-GFP (SLJ5274), or mps3-K-Q-GFP (SLJ5273) (green) and H2B-mCherry (red) was examined by 
confocal imaging, and a representative single plane image of each is shown. The cell is outlined in white based on the 
DIC image. Mps3-GFP was also localized in wild-type (ECO1; SLJ5336) and eco1-1 (SLJ5338) mutants grown at 23°C or 
shifted to 34°C for 3 h. Bar, 2 μm. (B, D) Quantitation of NE/non-NE ratio of GFP in S-phase images from A and C was 
performed as described in Materials and Methods. Values for each data point (gray circles), the mean (black square), SE 
(box centered on mean), median (line), and SD (whiskers) are depicted. A double asterisk indicates mutants that 
displayed a statistically significant (U < 0.05) change in the mean NE/non-NE ratio compared with control using the 
Mann–Whitney test. Statistical values for all samples and quantitation of G1 cells from A and C are listed in 
Supplemental Table S2.
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cipitation process. A 100-μl amount of anti-FLAG M2 (Sigma-Aldrich, 
St. Louis, MO) resin was added to lysates to immunoprecipitate 
FLAG-tagged proteins. After 2 h of incubation at 4°C, beads were 
washed five times, and 1/10 of the bound protein was analyzed by 
SDS–PAGE, followed by Western blotting.

The following primary antibody dilutions were used: 1:1000 anti-
FLAG M2 (Sigma-Aldrich), 1:1000 anti-GST (Covance, Berkeley, CA), 
1:1000 anti–acetylated lysine (EMD Biosciences, San Diego, CA), 
and 1:2000 anti–glucose-6-phosphate dehydrogenase (G6PDH; 
Sigma-Aldrich). Alkaline phosphatase–conjugated secondary anti-
bodies were used at 1:10000 (Promega, Madison, WI), and fluores-
cently conjugated secondary antibodies were used at 1:2500 for 
analysis using the Odyssey system (Li-Cor, Lincoln, NE).

Protein purification and acetylation
The N-terminal region of MPS3 from amino acids 1–150 was ampli-
fied by PCR and fused to GST in pGEX-3X (GE Healthcare, Piscat-
away, NJ). Similarly, amino acids 169–337 of Scc1 and the entire 
Eco1 open reading frame were cloned in pGEX-3X. Mutant versions 
of Eco1 have been previously described (Lu et al., 2010), and dele-
tion and point mutations in the Mps3 N-terminus were made by 
site-directed mutagenesis or by PCR. Recombinant proteins were 
expressed in BL21(DE3) pLysS (GST, Mps3, and Scc1 constructs) or 
BL21(DE3) pLysY/I cells (Eco1 constructs) for 4 h at 23°C after addi-
tion of 0.3 mM isopropyl-β-d-thiogalactoside and purified using glu-
tathione resin (GE Healthcare). Proteins were concentrated and ex-
changed into HAT buffer (50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 
50 mM KCl, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, 5% glycerol) using YM-30 Centricon filters (Millipore, Billerica, 
MA). YM-10 filters were used for GST alone. The concentration of 
protein was analyzed using a Bradford assay (Bio-Rad, Hercules, Ca) 
and adjusted to 1 mg/ml for all proteins.

Acetylation reactions were carried out by mixing the indicated 
amounts of GST-Eco1 or GST with GST-Mps31-150, GST-Scc1169-337, or 
GST in HAT buffer supplemented with 0.1 mM acetyl-CoA for 30 min 
at 30°C. In some reactions, 0.25 μCi of 3H-CoA (GE Healthcare) was 
also added. Reactions were terminated by the addition of 2× SDS 
sample buffer, and the products were analyzed after SDS–PAGE by 
Western blotting or by Coomassie blue staining and autoradiogra-
phy. Acetylation levels were quantitated based on the amount of 
3H-CoA incorporation.

Yeast chromosome assays
The assay to select and analyze reciprocal mitotic crossovers has 
been extensively described (Barbera and Petes, 2006). Briefly, indi-
vidual colonies isolated from 5 μg/ml bleomycin plates were resus-
pended in 50 μl of H2O, diluted 10- to 100-fold, and plated on 
synthetic defined medium lacking Arg (SD-ARG ) plus canavanine 
or diluted 10,000-fold and plated on SD-ARG to calculate the rate 
of recombination. Colonies from SD-ARG plus canavanine were 
further analyzed to determine different subclasses of recombination 
events. Sectored colonies allow scoring of RCO events. For the de-
termination of LC and CL, up to 48 red colonies were picked from 
each plate and tested for resistance to G418 and growth on 
SD-LEU. The remaining red colonies that are G418S and LEU+ are 
due to BIR.

The rate of gross chromosomal rearrangement was determined 
by fluctuation analysis using the method of the median (Lea and 
Coulson, 1948). Analysis was performed two or more times with 
multiple cultures for each clone, and the average value is reported 
for each as previously described (Myung et al., 2001b). Briefly, 
single colonies were used to inoculate overnight cultures in yeast 

unit area for each. The very bright SPB signal from Mps3-GFP is ex-
cluded from this calculation by using an upper intensity cutoff. At 
least 30 images of each genotype were quantified per cell cycle 
stage, and NE/non-NE ratio for each is shown in addition to a repre-
sentative single-section image that contains the SPB(s) in-plane.

For telomere-tethering assays, mid-log-phase cells grown in syn-
thetic complete media supplemented with 3× adenine and 5 μM 
CuSO4 were placed onto 1% agar pads as described (Meister et al., 
2010). From 40 to 50 image stacks with a 0.15-μm step size through 
cells at room temperature were acquired with a 100×/1.4 NA oil 
objective on an inverted Zeiss 200m equipped with a Yokagawa 
CSU-10 spinning disk. We used 488-nm excitation for GFP and 
collected emission through a BP 500- to 550-nm filter onto a 
Hamamatsu electron-multiplying, charge-coupled device camera 
(C9000-13; Hamamatsu, Hamamatsu, Japan). Telomere tethering 
was quantitated by using a custom plug-in written in ImageJ 
(National Institutes of Health, Bethesda, MD). Three-dimensional im-
ages were binned by four (up to 0.6-μm steps) in the z-dimension to 
improve the accuracy of manual telomere selection. Next a line was 
manually drawn from the center of the telomere spot to the nearest 
edge (in the x, y-plane) of the nuclear envelope. By interpolating 
from the selected position to the maximum position within the 3 × 
3 × 3 pixel neighborhood, we determined the most intense pixel, 
and the length of the line between this position and the nuclear en-
velope end of the drawn line gives the telomere-to-edge distance 
(dtxy). The x, y-projection of the nucleus was determined by perform-
ing a maximum projection in z followed by a Gaussian filter with a 
radius of 3 pixels. A threshold of 75% of the intensity at the telomere 
was applied to this projection. The area of the thresholded region 
was used to calculate the nuclear radius as r A/= π. If dtxy was 
greater than the nuclear radius, foci were not counted. The degree 
of circularity was calculated using the formula 4π × area/perimeter2, 
and cells where this value was <0.5 were excluded from analysis 
(circularity is 1 for a perfect circle and 0 for a line). The distance of the 
interpolated telomere spot from the center of mass of the nuclear 
intensity in the z-direction was used to eliminate telomeres in the top 
or bottom 20% of the nucleus as described by Meister et al. (2010). 
The distance ratio was calculated for the remaining samples by di-
viding dxy by r. A scatter plot of distance ratio values for each strain 
was generated using Origin Pro (OriginLab, Northampton, MA). A 
completely tethered spot and a focus at the center of the nucleus 
would have values of 0 and 1, respectively. The mean, median, and 
SE were also calculated. Zones for tethering were chosen based on 
regions of equal volume and therefore equal occupation probability 
for random telomere positioning. For two zones, the nucleus is di-
vided into two groups: an untethered group with a distance <0.79 
times the radius and a tethered group with larger distances. Fisher’s 
exact probability test was used to compare the distribution of mu-
tant cells containing a particular telomere to wild type.

Sister chromatid cohesion was assayed in logarithmically grow-
ing cells that were arrested with 10 μg/ml nocodazole for 3 h. Cells 
were briefly fixed with 4% paraformaldehyde and stained with 
4′,6-diamidino-2-phenylindole before cell counting. In addition, ali-
quots of cells were removed for flow cytometric analysis of DNA 
content to verify the mitotic arrest, as described (Jaspersen et al., 
2002).

Immunoprecipitation and Western blotting
Liquid nitrogen–ground lysates were prepared from mid-log-phase 
cells as described previously (Bupp et al., 2007), except that a cock-
tail of deacetylase inhibitors (100 μM Trichostatin A, 50 mM nicotin-
amide, 50 mM sodium butyrate) was added during the immunopre-
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extract/peptone/dextrose (YPD). Cells were then pelleted and 
washed in 1 ml of sterile water, and either 5 × 108 or 1 × 107 cells 
were plated to 2–12 SD-ARG plus canavanine plus 5-fluoroorotic 
acid (5-FOA) plates at 30°C for 4–6 d. The number of colonies on 
each plate was counted.
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